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Primaxial
AbaxialLimbed vertebrates have functionally integrated postcranial axial and appendicular systems derived from two
distinct populations of embryonic mesoderm. The axial skeletal elements arise from the paraxial somites, the
appendicular skeleton and sternum arise from the somatic lateral plate mesoderm, and all of the muscles for
both systems arise from the somites. Recent studies in amniotes demonstrate that the scapula has a mixed
mesodermal origin. Here we determine the relative contribution of somitic and lateral plate mesoderm to the
avian scapula from quail-chick chimeras. We generate 3D reconstructions of the grafted tissue in the host
revealing a very different distribution of somitic cells in the scapula than previously reported. This novel 3D
visualization of the cryptic border between somitic and lateral plate populations reveals the dynamics of
musculoskeletal morphogenesis and demonstrates the importance of 3D visualization of chimera data.
Reconstructions of chimeras make clear three signiﬁcant contrasts with existing models of scapular
development. First, the majority of the avian scapula is lateral plate derived and the somitic contribution to
the scapular blade is signiﬁcantly smaller than in previous models. Second, the segmentation of the somitic
component of the blade is partially lost; and third, there are striking differences in growth rates between
different tissues derived from the same somites that contribute to the structures of the cervical thoracic
transition, including the scapula. These data call for the reassessment of theories on the development,
homology, and evolution of the vertebrate scapula..
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During more than 500 Ma of evolution, the vertebrate musculo-
skeletal system has adapted to aquatic, terrestrial, fossorial, and
arboreal lifestyles, yet many aspects of musculoskeletal development
remain highly conserved (Goodrich, 1930). All limbed vertebrates
have a postcranial axial system consisting of vertebrae, ribs and
associated muscles that are functionally integrated with an appen-
dicular system comprised of the muscles and bones of the paired
appendages and their respective girdles. Two distinct populations of
embryonic mesoderm provide the cells for axial and appendicular
systems. The axial skeletal elements arise from the paraxial somites,
the appendicular skeleton and sternum arise from the somatic lateral
plate mesoderm, and all of the muscles of both systems arise from the
somites. The pectoral girdle bridges the somite-derived axial column
with the lateral plate-derived appendicular system, and recent studies
in amniotes demonstrate that the scapula has a mixed mesodermal
origin (Huang et al., 2000; Durland et al., 2008; Valasek et al., 2010).During gastrulation the mesoderm segregates into spatially
distinct paraxial, intermediate and lateral plate populations (Selleck
and Stern, 1991; Schoenwolf et al., 1992). The somitic population has
been especially well studied, and much is known about patterns and
mechanisms of somitic cell differentiation (e.g. Christ et al., 1977;
Ordahl and Le Douarin, 1992; Stockdale et al., 2000; Bothe et al., 2007;
Christ et al., 2007). The intermediate mesoderm sinks inward,
bringing the somitic and lateral plate populations together to form a
continuous and uniform “seam” along the anterior–posterior (AP)
axis (incipient frontier in Fig. 1A). Over subsequent development, there
is dramatic expansion of these populations. Our earlier work clariﬁed
the distribution of the somitic and lateral platemesoderm bymapping
the changing interface between these populations during early stages
of body wall formation in chick (Nowicki et al., 2003) and mouse
(Durland et al., 2008). We deﬁned two embryonic domains based on
the mesodermal lineage of the contributing cells (Burke and Nowicki,
2003 and Fig. 1B and C). The primaxial domain ultimately includes the
vertebrae, ribs, and peri-vertebral and intercostal muscles as well as
their investing connective tissue, all of which arise exclusively from
somitic cells. The abaxial domain, which includes the limbs and
ventrolateral aspects of the body wall, is made up from lateral plate as
well as somitic cells that differentiate around or within lateral plate-
derived connective tissue. The border between the abaxial and
primaxial domains is the lateral somitic frontier (LSF). This is where
Fig. 1. Illustration of the primaxial and abaxial domains of a developing chick embryo. A. Cross section through an embryo shortly after gastrulation. The incipient frontier (red
arrow) is the interface between somitic (s, blue) and lateral plate (lp, yellow) mesoderm prior to somitic cell migration. B and C. Cross sections through an older embryo at the level
of the forelimb (B) and thorax (C). The primaxial domain is blue, the abaxial domain green, and the lateral somitic frontier is marked in red. D. Illustration of a quail (donor) and chick
(host) embryo depicting the alternative surgical manipulations performed. Lateral plate transplantation is shown in yellow, and segmental plate (sp) transplantation in blue. nt,
neural tube.
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incipient frontier) is dynamically altered during development (Fig. 1,
reviewed in Shearman and Burke, 2009).
In this paper we use quail–chick chimeras to determine the
relative contribution of somitic and lateral plate mesoderm to the
avian scapula (Fig. 1D), and present a new model of scapular
development. This powerful technique was ﬁrst introduced ﬁve
decades ago by LeDouarin(1969), and has provided extensive and
detailed fate maps of the avian embryo. Transplanting somitic
mesoderm between quail-donors and chick hosts, Chevallier (1977)
was the ﬁrst to demonstrate that somites contribute cells to the
scapular cartilage in chick. Using a similar approach, Huang et al.
(2000) concluded that only the head and neck of the scapula are
derived from lateral plate whereas the majority of the scapular blade
arises from the somites, mirroring the segmental pattern along the
axis (redrawn here in Fig. 9A).
We demonstrate that 3D reconstructions of grafted tissue
substantially enrich data generated by quail–chick chimeras, and we
use this technique to visualize the lateral somitic frontier in the
scapula and musculature of the shoulder. Our data reveal a very
different distribution of somitic cells in the scapula than reported by
Huang et al. (2000). Speciﬁcally, we show that the majority of the
scapula is derived from the lateral plate, and somites contribute only
to the distal 1/3 of the blade. The new avian skeletal fate map
presented here is more consistent with data from the mouse, but also
exposes interesting differences in the origin and insertions of critical
shouldermusculature. Furthermore, the visualization of the otherwise
cryptic border deﬁned as the lateral somitic frontier reveals theTable 1
Number of segmental plate and lateral plate transplant surgeries.
Type of surgery ~H&H stage ~Axial level Number of transpla
Segmental plate 10–12 Somites 12–17 35
Segmental plate 13–14 Somites 18–21 26
Segmental plate 14+ Somites 22–25 6
Somatic LP 10–14 Somites 12–24 16dynamics of morphogenesis, including dramatic differential growth in
primaxial versus abaxial domains.
Materials and methods
Embryos
Fertilized chick eggs (Gallus gallus) were purchased from Charles
River Labs (Franklin, CT) and quail eggs (Coturnix coturnix) were
purchased from AA Labs Inc. (Westminster, CA). All eggs were
incubated at 37 °C and staged according to Hamburger and Hamilton
(1951).
Segmental plate and somatic lateral plate transplants
We performed isochronic, isotopic segmental plate (SP) trans-
plants at several positions along the anterior–posterior axis (Fig. 1D
and Table 1). Donor segmental plate adjacent to the last developing
somite was removed using 0.15% trypsin in calcium- andmagnesium-
free Tyrode's solution and a tungsten needle. Grafts were approxi-
mately four somites long, and marked for orientation with 0.1%
methylene blue. Host embryos were prepared in ovo, and SP
corresponding to the donor graft was removed using 3% Pancreatin
in Ringer's and a tungsten needle. Grafts were transferred to the host
using a micropipette, and inserted in proper orientation into the host
using an eyebrow hair. A 1% solution of penicillin/streptomycin was
administered to prevent infection. Eggs were sealed and incubated for
5–7 days.nts Percent survival Graft incorporation 3D reconstructions
49% (17) 88% 4
69% (18) 94% 4
67% (4) 100% 2
25% (4) 50% 1
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following techniques similar to those outlined for SP transplants.
Grafts were created from donor somatic lateral plate tissue lateral to
the three most posterior somites. Corresponding somatic lateral plate
in the hosts was removed and the grafts were inserted into the chick
embryos in proper orientation. Eggs were sealed and incubated for 5–
7 days.
Determination of graft boundaries
One of our primary objectives was to determine the interface
between somitic and lateral plate mesoderm at late stages of
musculoskeletal morphogenesis. In order to ensure that the quail–
chick boundaries are somite–lateral plate (So–LP) boundaries and not
graft-edge boundaries, we use 3D reconstructions (see below) to map
the position of donor cells in multiple transplants at different axial
levels. Reconstructions allowus to visualize the complete distribution of
grafted tissue within a chimera, and the exact position of each section
within a given graft (Fig. 2). Because donor–host boundaries at the
antero-posteriormargins of a graft can confound true So–LP boundaries,
we limit our analysis of So–LP boundaries to those sections in the heart
of each graft.We clarify the distribution of somitic and lateral plate cells
in the scapula by reconstructing grafts from a series of segmental plate
(SP) transplants that collectively include all somite levels contributing
to the scapula. Speciﬁcally, in embryos ranging from H&H stages 10
through 14, the transplants span the region of the AP axis extending
from somite 12 through somite 24, though each transplant is
approximately 3–4 somite-lengths. Somites of embryos were counted
and donors and hosts matched. Each chimera was numbered based on
the next somite to form, i.e., the ﬁrst somite expected to contain grafted
tissue.We retrospectively determined the exact level of each graft based
on the ﬁrst vertebra derived from graft in Day 7 or 9 chimeras
(approximately H&H stages 33–35). The predicted levels were
consistent between specimens and with the known alignment of
vertebral number and somite of origin (Gumpel-Pinot, 1984; Burke et al,
1995). We standardize our numbering to reﬂect the ﬁrst and last quail-
derived vertebra, e.g. SP 18–21 represent a chimera where the 13th
cervical (C13) through 3rd thoracic (T3) vertebrae contain quail cells.
Immunohistochemistry
Chimeras were ﬁxed in 4% paraformaldehyde for 24 h, dehydrated,
embedded in parafﬁn, and sectioned at 20 μm using a HM 340 EFig. 2. Cross sections and three dimensional reconstruction of a SP 21–24 chimera at Day 9.
vertebra and deep axial muscles are QcPN positive (black) on the operated side of the em
contributions to skeleton are yellow. The position of cross sections “A” and “C” are indicat
throughout the predominantly chick-derived vertebra. a, anterior; p, posterior; RHC, rhombo
v, vertebra. Scale bar=100 μm.microtome. After sections were de-waxed in CitriSolv and rehydrated,
antigen unmasking was performed by autoclaving slides in citrate
buffer (pH 6). Quail cells were labeled with QcPN antibody
(Developmental Studies Hybridoma Bank, Iowa City, IA) at a 1:1
dilution in a blocking solution of 10% horse serum in PBS. Sections
were incubated in primary antibody overnight at 4 °C, and the signal
was developed and ampliﬁed using the Vectastain Elite ABC Kit (PK-
6200) following manufacturer's instructions (Vector Laboratories,
Burlingame, CA). Sections were counterstained with eosin and Alcian
blue. Slides were cover slipped using Permount®.
DAPI staining
Coverslips on QcPN-labeled sections were removed by soaking in
CitriSolv overnight. Slides were hydrated and rinsed with PBS, and
then bathed in a 300 nM DAPI solution in PBS for 5 minutes followed
by several washes in PBS. They were temporarily cover slipped with
water and photographed using a Nikon Eclipse E600 compound scope
equipped with a Prior Lumen 200 Illuminator. The DAB/Nickel
precipitate used to visualize QcPN labeling is centered on the quail
nuclei so quail cells are less ﬂuorescent than the unlabeled chick cells,
which ﬂuoresce brightly after exposure to DAPI.
In situ hybridization
In situ hybridization of Sox9 on 8 μm parafﬁn sections of chimeras
was performed according to Moorman et al. (2001). The Sox9 RNA
probe was constructed following Burke et al. (1995) using a Sox9
containing plasmid provided by the Tabin Laboratory (HarvardMedical
School, Cambridge, MA). Hybridization was performed using hybridi-
zation chambers to minimize the volume of probe needed for the
reaction and to prevent desiccation during incubation. The signal was
developed using alkaline phosphatase conjugated anti-digoxigenin Fab
fragments (Roche) 1:2000, and visualized with NBT/BCIP in NTMT.
Sections were counterstained with eosin and cover slipped.
Three dimensional reconstructions
Sections were photographed using a Nikon Eclipse E600 compound
scope, Spot RT3 camera, and Spot Advanced Plus Software Version 4.7.
Amira®4.0 softwarewas used to digitally reconstruct the sectioned and
stained chimeras in three dimensions. Color images of serial sections for
each chimera were uploaded into Amira® 4.0 and aligned with theQuail cells are labeled with QcPN. A. Cross section through the middle of the graft. The
bryo. B. Surface model of the vertebrae, ribs, and scapula in lateral view. Graft (quail)
ed. C. Cross section through the anterior margin of the graft. Quail cells are scattered
ideus complex; r, rib; sc, scapula; SCH, scapulohumeral complex; SRC, serratus complex;
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sections ranged from 100 to 250. Aligned images were resampled and
converted to gray scale images using either the Castﬁeld or Channel-
Works Modules. In each image, anatomical structures (e.g., scapula,
vertebrae and speciﬁc muscle groups) were manually traced using the
Segmentation Editor and stored in Label Fields. Once the anatomical
elements were outlined, three alternative segmentation approaches
were used to delimit regions ofQcPNstainingwithin those structures. In
the ﬁrst, pixels with gray values corresponding to those of DAB-labeled
quail cells were deﬁned using the wand tool and histogram in the
Segmentation Editor. Once a speciﬁed range was selected, all voxels
within that range were outlined automatically. Similarly, Adobe Photo-
shop CS5 was used to generate reconstructible image stacks in which
pixels representingQcPNpositive stainingwere speciﬁcally highlighted.
In this approach, we used the “select color range” function to deﬁne a
palette of several hundred colors corresponding to labeled graft. In areas
of fainter antibody labeling, regions of QcPN staining were traced
manually. Polygonal surface models of quail and chick label ﬁelds were
generated using the SurfaceGen module. As an alternative to surface
models, three-dimensional representations of QcPN positive cells in
younger specimens were generated as direct volume renderings using
the Voltex module. In addition to surface modeling and volume
rendering, sectional anatomywas visualized using the Amira Orthoslice
module. Speciﬁcally, these tools were used to digitally render images of
sectional anatomy in any plane of section and to visualize the
distribution of quail and chick cells in the interior ofmodeled structures.
See Supplementary videos 1 and 2.
Results
The position and number of grafts is summarized in Table 1.
Survivability was inﬂuenced by the A-P position of the graft andFig. 3. Three dimensional reconstructions of chimeras at Day 7. A and B. Surface models of th
The identities of cervical (C12–14) and thoracic vertebrae (T1 and 2) are indicated. SP transpl
SP 18+ transplants contribute to the dorsal portion of the scapular blade. C and D. Volume ren
distribution of quail cells is yellow; see text for details on method. A surface model of the sca
to the scapular blade are shown in red. Skin is orange. a, anterior; d, dorsal; l, left; p, posteincubation time. Embryos receiving SP grafts at somite levels 18–20
had the highest rate of survivorship. Mortality was greatest in somatic
lateral plate (LP) transplants. Regardless of the type of transplant,
survivorship diminished as incubation time increased.
We will ﬁrst describe the quail/donor contributions to the skeletal
elements after SP transplants from different AP levels as visualized by
3D reconstructions of Day 7 and Day 9 chimeras. We will then
describe graft contributions to scapular muscles from Day 9 chimeras,
as well as speciﬁc graft/host boundaries as revealed by individual
sections in SP and LP transplants. Fig. 2 illustrates the placement of
individual sections within a reconstructed chimera. We also describe
the expression of Sox9 mRNA relative to the donor–host boundary
within the scapular condensation at Day 5.
Vertebral elements and scapula in segmental plate transplants
SP12–17 chimeras (surgery at H&H 10–11, n=17)
Isotopic, isochronic transplants of quail SP corresponding to
somites 12–14 or 15–17 into host chicks result in chimeras with
posterior cervical vertebrae and associated musculature derived from
quail at Day 7 and Day 9. Three dimensional reconstructions of SP 15–
17 chimeras reveal that the penultimate cervical vertebra (C13)
includes graft cells (Fig. 3A). However, transplants anterior to somite
18 never show quail cells in the scapular cartilage (Fig. 3A).
SP 18–21 chimeras (surgery at H&H 12, n=18)
Quail segmental plate grafts that include somite 18 contribute to
the posterior aspect of C13 and make a contribution to the anlagen of
the scapular blade at Day 7. The quail contribution to the cartilage is
minor and restricted to the dorsal edge of the blade (Fig. 3B). The quail
cells in the blade occur at an AP level a full vertebral segment posterior
to the proximal scapular head and are offset by more than a fulle vertebrae and scapula of an SP 16–17 (A) and SP 17–21 (B) transplant in lateral view.
ants anterior to S18 do not contribute to the scapula whereas grafted cells (yellow) from
deredmodel of a single chimera (SP 16–19) in frontal (C) and lateral (D) view. The total
pula (white) is shown within the context of the rendered model, and graft contributions
rior; r, right; sc, scapula; v, ventral.
5R.M. Shearman et al. / Developmental Biology 355 (2011) 1–11segment from the ﬁrst labeled vertebra (Fig. 3B). In chimeras at this
level, there is extensive quail contribution to the dermis and muscles
forming around the scapula (Fig. 3C–D).
Reconstructions of chimeras ﬁxed at 9 days (H&H 35) show more
mature tissues and a very different distribution of quail cells in the
scapula than specimens ﬁxed at 7 days (H&H 32–33). The graft
derived area of the scapular blade is larger in the older specimens, but
is still restricted to the distal 1/3 of the element (Fig. 4A). The
boundary between quail and chick cells within the blade is attenuated
from dorsal-proximal to ventral-distal, forming a long shallow border
visible in the reconstructions. In chimeras that also have a posterior
host/graft boundary in the scapula, this border is abrupt, creating a
steep angle between quail and chick tissue along the DV aspect of the
blade in contrast to the attenuated anterior graft boundary (Fig. 4A).
Consistent with what is shown at Day 7, there is considerable offset
between the AP position of quail cells along the scapular blade and the
quail derived vertebrae. The quail contribution to the scapula lies 2–3
segments behind the ﬁrst quail-derived vertebra (Fig. 4A).
Collectively, SP surgeries including presumptive somites 12–21
indicate that somite 18, which contributes to C13 and C14, is the most
anterior somite to contribute to the scapula.
SP 20–23 chimeras (surgery at H&H 13–14, n=3)
Reconstruction of chimeras where quail somites 20–23 were
transplanted into chick and ﬁxed at 9 days exhibit the same
attenuation of the anterior donor–host boundary within the scapula
(data not shown). Specimens also have an abrupt posterior graft
boundary in the scapula and the very distal tip is chick derived.
Thoracic vertebrae 2–4 are quail derived.
SP 22–24 chimeras (surgery at H&H 14+, n=4)
Quail segmental plate of presumptive somites 22–24 contribute to
thoracic vertebrae 3–6 (Fig. 4B). The graft also contributes to the most
posterior portion of the scapular blade, and there is no posterior
border to the graft represented in the scapula. In these specimens, the
anterior donor/host boundary in the scapula lies at a steep angle, in
contrast to the shallow angle formed in the scapulae of SP 18–19
specimens (Fig. 4A and B). The angle is similar to the posterior donor/
host border observed in specimens with more anterior grafts (e.g. SP
18–21). Also, fewer vertebral segments separate the anterior graft
margin in the scapula from the anterior graft margin in the vertebral
column in SP 22–24 transplants relative to those of SP 18–21.
Together, the position of the graft within the scapula of SP 20–23 and
22–24 indicates that S24 is the posterior-most somite to contribute to
the distal portion of the scapular blade.Fig. 4. Surface models of the vertebrae, ribs, and scapula of Day 9 chimeras in lateral view, do
indicated. A. In SP 18–21 transplants, the anterior graft margin in the scapular blade is attenua
in the vertebrae. B. In SP 22–24 transplants, graft contributions to the scapula and vertebrae a
appear abrupt. a, anterior; p, posterior.Muscles of the scapula in 3D reconstructions
There are two groups of shoulder muscles that we distinguish at
Day 9: the proximal muscles that connect the shoulder to the trunk,
and the distal muscles that connect the shoulder to the forelimb. We
describe the contribution of grafted cells to these muscles.
Rhomboid complex
We ﬁnd donor cells in the rhomboids of chimeras at each AP level,
indicating that somites as far anterior as somite 12 contribute to this
muscle. As shown in Fig. 5A–C, the SP graft contributions to the RHC
generally align with graft-derived vertebrae but often appear slightly
anterior to the ﬁrst graft-derived vertebra. This relative alignment of
graft-derived muscle and bone seen between the RHC and the
vertebra it arises from is not seen in the insertion of the rhomboids on
the scapula. The donor–host boundary at the insertion site of the RHC
does not line up between muscle and bone (scapula). The anterior
graft margin in the RHC contacts the scapula anterior to the cranial
border of the donor cells in that element (Fig. 5A–C). In contrast, the
posterior margin of the graft in the RHC is always aligned with the
posterior border of donor cells in the scapula when that boundary is
present (Fig. 5A and B). As previously described, the graft-derived
region of the scapula is offset posteriorly relative to the AP position of
quail cells in the vertebral column. As a result, the anterior and
posterior graft-borders in the RHC are attenuated along the AP axis
(Fig. 5B). The attenuated anterior border between graft and host RHC
is not present in specimens with anterior transplants (SP 18–20)
because the entire extent of the muscle is derived from quail (Fig. 5A).
The position of the donor muscle relative to the graft within the
vertebrae and scapula suggests that the contact between the RHC and
graft derived region of scapula occurs prior to posterior displacement
of donor cells within the scapula.
Serratus complex
The pattern of quail cells in the SRC relative to the scapula is similar
to, although not as extreme as, that observed in the RHC. The graft
boundaries in this muscle are less attenuated along the AP axis, and line
up well with the boundary in the scapula (Fig. 5D–F). The donor SRC
does not extend further posterior than the graft in the scapula.However,
as observed in the RHC, donor cells in the SRC extend further anterior
than the graft in the scapula in SP 18–21 (Fig. 5D and E).
Scapulohumeralis
In SP 18–21 specimens, the myoblasts in the scapulohumeralis
muscle are quail, and in SP 22–24 specimens, they are entirely chick
(data not shown). Interestingly, the donor–host boundary within thisnor cells shown in yellow. The identities of cervical and thoracic vertebrae (C14–T3) are
ted and lies approximately three vertebral segments caudal to the anterior graft margin
re offset by a single vertebral segment, and both the anterior and posterior graft margins
Fig. 5. Surface models of the vertebrae, ribs, scapula, and shoulder muscles of three chimeras at Day 9. Graft contributions are shown in yellow (skeletal elements) and red (muscle).
The identities of cervical and thoracic vertebrae (C14–T3) are indicated. A–C. Lateral view of the rhomboideus complex (RHC) in SP 18–21 (A), SP 19–21 (B), and SP 22–24
(C) transplants. Graftedmuscle (red) inserts on portions of the scapular blade derived from both graft (yellow) and host (gray). D–F. Medial view of the serratus complex in SP 18–21
(D), SP 19–21 (E), and SP 22–24 (F) transplants. Anterior graft borders in the serratus also showmore anterior initiation in muscle than scapula in SP 18 and 19, but less so in SP 22.
Posterior graft boundaries (when present in scapula) align in muscle and bone. a, anterior; p, posterior.
6 R.M. Shearman et al. / Developmental Biology 355 (2011) 1–11muscle is never easy to deﬁne, even in specimens that bridge SP 21–
23. This is likely due to the presence of both somitic (quail) and LP
(chick) cells populating this muscle.
Segregation of somitic and lateral plate mesoderm during shoulder
development
The mesenchyme that will form the scapular cartilage can be
visualized by Sox9 expression between developmental stages H&H
26–28 (Days 5–6), before signiﬁcant condensation has begun. We
examined Sox9 expression in alternate sections of SP 18–21 chimeras
at Day 5 to visualize the relationship of the somitic and lateral plate
contributions at early stages of scapula speciﬁcation (Fig. 6). In the
proximal, glenoid region, adjacent sections labeled with QcPN show
the exclusion of donor/somitic cells from the Sox9-expressing region
(Fig. 6A and B). In more posterior sections, the Sox9 domain narrows
to preﬁgure the scapular blade. Overlap of Sox9 and QcPN can be seen
beginning in the dorsomedial portion of the Sox9-positive area
(Fig. 6C, D). The overlap increases in more posterior sections, but
does not cover more than ~1/3 of the cross-sectional area of the Sox9
expression domain (Fig. 5E and F). This indicates that the dorsoventral
segregation of somitic and lateral plate contributions to the scapular
blade is already established within the Sox9 expression domain that
preconﬁgures the scapular condensation.
At Day 5, SP 18–21 quail contributions to cells within the Sox9
expression domain appear to be present at the level of the
presumptive C14/T1 boundary. This is consistent with observed SP
18–21 quail contributions to the scapular blade at Day 7 when the
scapular cartilage is well deﬁned. Individual sections (Fig. 7A–D) from
the specimen reconstructed in Fig. 3C and D show that quail cells
“encroach” on the condensing chick scapula, and then form a clean
boundary slanting from dorsolateral to ventromedial along the cross
section of the blade. This proﬁle persists in Day 9 specimens (Fig. 7E–
H), where the boundary between chick and quail in the scapular
cartilage also starts dorsomedial and expands across the cross section
of the blade in more posterior sections.Between stages H&H 30 and H&H 35 (Days 7 and 9, respectively)
the scapula almost doubles in length (compare Figs. 3 and 4; see also
Fig. 9B). At Day 7 the scapula is approximately the length of 3–4
vertebrae with the anterior margin adjacent to C13 and the posterior
margin lying between T1 and T2. At Day 9, the blade is the length of 6–
7 vertebrae. The anterior margin (glenoid) is still adjacent to C13 but
the posterior tip of the blade lies between T4 and T5. The anterior
border of SP 18 quail grafts at Day 7 are seen at the level of C14,
though equivalent grafts in Day 9 chimeras lie adjacent to vertebra T3.
Between Day 7 and Day 9 the grafted tissue is displaced posteriorly
relative both to the vertebral axis and the glenoid, and at H&H 35,
donor cells are located in the posterior third of the scapula.
Inorder to clarifywhat cell populations formed the ventral portion of
the anterior scapular blade in Day 9 chicks, we transplanted quail
somatic lateral plate into chick hosts (n=4). Fig. 7I–L shows sections
though a specimen with a well incorporated graft from somatic lateral
plate adjacent to somites 21–23 (H&H 14 at time of surgery). The distal
20% of the blade consists of both donor and host tissue. Donor tissue
forms theventral portion of the scapular blade, a regionnever populated
by segmental plate grafts. The host/graft boundary within the scapula
makes a shallow angle that is themirror image of the anterior host/graft
boundary in SP 18–21 specimens (compare Fig. 7E–H and I–L).
Sections from mid-graft regions that include the natural boundary
between somite and lateral plate illustrate that the perichondrium
and the immediately adjacent chondrocytes are always derived from
the same source, i.e., quail chondrocytes are always associated with
quail perichondrium and chick chondrocytes are adjacent to chick
perichondrium (e.g., Fig. 7G and K, respectively). This consistency
holds even when graft derived muscles attach to host derived
cartilage. DAPI staining of sections previously labeled for QcPN
provides a negative image of bright ﬁeld antibody labeling and
reveals the identity of the connective tissue lineage in muscle,
cartilage, and perichondrium (Fig. 8). In ﬂuorescent images the donor
derived primaxial rhomboideus complex (RHC) appears dark due to
the absence of labeled chick cells (entirely somitic in origin). This
muscle directly contacts the bright, chick derived perichondrium of
Fig. 6. Sox9 (A, C, E) or QcPN (B, D, F) labeling of alternate sections of a Day 5 chimera. Tracings (dashed lines) of the Sox9 expression domain in the scapula-forming region at
different axial levels have been superimposed on adjacent sections labeled for QcPN. A and B. In the glenoid region there is no overlap between Sox9 expression and QCPN positive
cells. C and D. In the proximate scapular blade, there is slight overlap between QcPN and Sox9medially. E and F. In the distal scapular blade, QcPN positive cells occupy themedial one
third of the Sox9 expression domain, preﬁguring the distribution of somitic cells in the Day 9 scapula. Scale bar=100 μm.
7R.M. Shearman et al. / Developmental Biology 355 (2011) 1–11the anterior scapular blade, (Fig. 8A and B). Further posterior in this
chimera, both RHC and the dorsal aspect of the scapular cartilage are
quail derived (dark) whereas the ventral aspect of the scapular blade
in these sections is chick (bright) (Fig. 8C and D). In contrast to the
RHC, the SCH includes quail myoblasts (dark) and chick connective
tissue (bright) (Fig. 8B and D).Discussion
The most recent published fate map for the avian scapula,
schematically extrapolated from single-somite and LP transplants,
indicates that the majority of the scapular blade is somitic, and that
the somitic contribution is segmental, mirroring the segmentation of
Fig. 7. Sequence of cross sections through the scapula progressing from anterior to posterior. QCPN positive cells are black. A–D. SP 18–21 transplant at Day 7. E–H. SP 18–22
transplant at Day 9. I–L. Somatic LP transplant adjacent to somites 21–23 at Day 9. Lateral plate (quail) contributions to the scapular blade are amirror image of somitic contributions
in SP transplants. In all transplants donor/quail chondrocytes are adjacent to donor/quail derived perichondrium. sc, scapula. Scale bar=100 μm.
8 R.M. Shearman et al. / Developmental Biology 355 (2011) 1–11the axis (Fig. 9A redrawn from Huang et al., '00: Fig. 3). This model
(referred to hereafter as the Huang model) has been used to make
evolutionary inferences regarding the homology of the scapula among
amniotes (McGonnel, 2001; Vickaryous and Hall, 2006: Piekarski and
Olsson, 2011), and supplies the context for work on the molecular
control of scapula formation (reviewed by Huang et al., 2006, see
below).
We have generated 3D reconstructions of quail–chick chimeras
that allow full visualization of the graft in the context of host anatomy.
Our reconstructions make clear three signiﬁcant contrasts with the
Huang model. First, the majority of the scapula is lateral plate derived
and the somitic contribution to the avian scapular blade is
signiﬁcantly smaller than previously reported. Second, the segmen-
tation of the somitic component of the blade is not perfectly
maintained. Third and likely related to the second, there are striking
differences in growth rate between different tissues derived from
common somites contributing to the structures at the cervical thoracic
transition, including the scapula. The reconstructions also allow us to
locate the natural interface between somitic and lateral plate
mesoderm, called the lateral somitic frontier, which deﬁnes the
primaxial and abaxial domains (reviewed in Shearman and Burke,
2009). We discuss the novel aspects of our fate map data for
understanding avian scapular development and how these advance
current ideas on the homology and evolution of the vertebrate
scapula.The fate map and location of the frontier
We show that although six somites contribute to the distal end of
the blade at Day 9, approximately two thirds of the scapula is derived
from lateral plate (Fig. 9B and C). Our chimeras indicate that somite 18
is the ﬁrst somite to contribute substantially to the scapula. The
anterior quail/chick border within the scapula of SP 18+ chimeras is
dramatically attenuated along the AP axis of the blade by Day 9. In
contrast, the posterior quail–chick border in the scapula of these
chimeras is abrupt and not drawn-out (Figs. 4A and 5B). In chimeras
with more posterior grafts (SP 21+), the anterior quail–chick border
in the scapula is also abrupt (e.g. Fig. 4B). These more abrupt quail–
chick borders reﬂect the incorporation site of the graft, thus the
border between somitic mesoderm of donor and host. The attenuated
donor/host border described above in SP 18 grafts is the border
between the somitic and lateral plate contributions to the scapula,
corresponding to the lateral somitic frontier. The identity and position
of the frontier in the scapula is conﬁrmed by lateral plate
transplantation. Lateral plate grafts in the scapula have a posterior
boundary similar in position and slope to that of the anterior SP grafts
(Fig. 7I–L).
This new fate map provides an alternative view of themodularity of
the primaxial and abaxial aspects of the scapula, and it is relevant to the
interpretation of many experimental molecular studies of scapular
development. A complete review of these studies is beyond the range of
Fig. 8. QcPN labeled sections of an SP 18–22 transplant counterstained with DAPI to visualize all QcPN-negative nuclei. A. QcPN (black) labeled cross section through the mid-
scapular blade. B. Higher magniﬁcation of the scapula shown in “A” following DAPI counterstain. Note that donor-derived rhomboideus complex inserts on chick-derived
perichondrium. C. QcPN labeled cross section through the posterior scapular blade. Donor-derived rhomboideus complex inserts on donor-derived perichondrium. D. Higher
magniﬁcation of scapula shown in “C” following DAPI counterstain. RHC, rhomboideus complex; SC, scapula; SCH, scapulohumeral complex. Scale bar=100 μm.
9R.M. Shearman et al. / Developmental Biology 355 (2011) 1–11this paper; however, several studies show failure of blade formation in
response to different molecular manipulations (e.g. Wnt signaling,
Moeller et al., 2003; Pax 1 and 3, Ehehalt et al., 2004; BMPs,Wang et al.,
2005). These results have been interpreted as acting speciﬁcally on cells
of thedermomyotome. In lightof our fatemap it appears that the abaxial
(LP) portion of the blade also fails to form in these experiments. The
recognition of the extensive lateral plate contribution to the scapular
blade implies that considerable molecular integration enables two
mesodermal populations to form a single skeletal element. This is
particularly interestinggiven the apparentdecoupling of behavior in the
somitic cells that contribute to the scapular cartilage compared with
other derivatives of the parental somites as discussed below.
Skewed segmentation and differential growth
The lateral somitic frontier is a cryptic anatomical boundary, but
visualizing its position relative to axial structures reveals the dramatic
posterior displacement of the primaxial scapula during growth. The
method we use here does not show boundaries between adjacent
somites within the graft, but reconstructions of grafts at different AP
levels reveal the crowding of somite incorporation in the scapula. The
distorted segmentation of the somitic contribution is schematized in
Fig. 9C, which summarizes our results. Though somites contribute to
the blade in an anterior to posterior pattern, the anterior segmental
boundaries are highly skewed along the length of the blade (Fig. 5).
The Huang model implies that somitic cells contributing to the
scapula act in general accordance with the segmental muscles that
arise from those somites, maintaining both primary segmentation and
segmental proportions during considerable periods of growth
(Fig. 9A). In contrast, our data indicate that the somitic cells that
incorporate into the scapular cartilage fail to keep pace with the
overall growth of the region, including their own somites of origin (so
18–24, Fig. 9B).
These growth dynamics are clearly revealed by the position of graft
boundaries within the primaxial shoulder muscles. The extent of
donor derived muscle and vertebra by Day 9 is always far more
extensive than donor derived scapula. When graft contributes to the
RHC, the graft-derived muscle initiates slightly anterior to the graft-
derived vertebrae, and is in general alignment at the posterior graft
border. This posterior border also aligns with the posterior graft
boundary in the scapula. In contrast, donor derived RHC is always
inserted on the scapula well in advance of the donor contribution to
that element (e.g. Fig. 5A and B). There is clearly no “preference” ofdonor-muscle for donor-bone, as much of the donor derived,
primaxial RHC inserts on chick derived scapula. The SP 18 chimeras
demonstrate that most of the insertion site of (donor) RHC is scapula
comprised of (host) lateral plate. Thus primaxial muscle inserts
directly on abaxial scapular perichondrium (Fig. 8A and B).
The position of the donor/host boundary in muscles makes obvious
the posterior displacement and crowding of the somitic portion of the
scapula. Once incorporated into the scapular condensation, the somitic
cells are disengaged from the segmental environment, and are displaced
by the growth of the abaxial scapula, which expands and extends
posteriorly. The somitic cells that contribute to the primaxial rhomboids
and serratus maintain their original segmentation but are clearly not
constrained to insert on scapula of their own lineage. This lack of
correspondence between muscle connective tissue and bone of attach-
ment contrasts with the behavior of neural crest derived tissues in the
craniofacial skeleton.Where neural crest contributes to skeletal elements
in the head and branchial skeleton, the connective tissue of muscle
attachments is derived from the same rhombomeric crest population as
thebones, preserving strict alignmentwith theoriginal segmental pattern
(Noden, 1983; Köntges and Lumsden, 1996; Evans and Noden, 2006).Homology/evolution of the scapula
Our new model of primaxial and abaxial domains in the avian
shoulder require a reassessment of current theories on the homology
and evolution of the tetrapod scapula. The position of the frontier and
the primaxial and abaxial domains of the mouse were mapped by
Durland et al. (2008) in Prx1/Cre transgenics. The primaxial nature of
the distal edge of the scapular blade and associated muscles was
conﬁrmedwith Pax3/Cre transgenics by Valasek et al (2010). The data
presented here indicate the primaxial component of avian and rodent
scapulae are of similar ﬁnal proportions, though not necessarily from
the same number of somites, and that the bulk of the scapula derives
from LP in both species. However the relationship of the primaxial
scapula with primaxial muscles appears to be different between the
two amniotes. Muscle insertions on the scapula are a critical aspect of
the integration between axial and appendicular systems. In mice, the
primaxial muscles (RHC and levator scapulae in mouse) insert
predominantly on the primaxial domain of the scapular blade
(Valasek et al., 2010). Our data show that the primaxial insertion is
minor in the chick and there is extensive insertion of primaxial
muscles on the abaxial scapula.
Fig. 9. Fate maps of the avian scapula. A. Redrawn from Huang et al. (2000: Fig. 3)
suggesting that the majority of the blade derives from the somites and a strict
segmental organization is maintained during development. B. Schematic depiction of
the extensive growth of the scapula through Day 9. Note that growth of the abaxial
domain (green) displaces the primaxial domain (blue) posteriorly. The lateral somitic
frontier is represented with a red line. C. 3D representation of a Day 9 avian vertebral
column and scapula. Primaxial and abaxial structures are blue and green, respectively,
and two shades of blue are used to indicate resegmentation. Cervical and thoracic
vertebrae (C14–T5) are indicated. a, anterior; p, posterior.
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bird and a mammal would not be unexpected given the dramatic
locomotor adaptations of birds. New developmental data from an
amphibian make it possible to assess the evolutionary polarity of
pectoral development in amniotes. Piekarski and Olsson (2011)
performed transplants between transgenic GFP and wild type axolotlembryos and provided a fate map of somitic derivatives in the
occipital and anterior trunk region. They ﬁnd that somites 3, 4 and 5
contribute cells to the distal tip of the salamander scapula (suprasca-
pula), much like contribution to the distal edge of the mouse scapula.
These data correct a preliminary result from somite extirpations
(Burke, 1991a) that lead to the hypothesis that a somitic contribution
to the scapula was an innovation at the base of the amniotes (Burke,
1991b). It now appears likely that a somitic contribution to the
scapula is shared by all tetrapods (Piekarski and Olsson, 2011).
We have previously suggested that differences in the number of
somites recruited to the scapula could result in response to selection
for more efﬁcient shoulder function in different amniotes (Burke,
1991a; 1991b; 2000). The demonstration that avian scapular cells
arise from the dermomyotome population of the somite leads to the
suggestion that the avian scapula was extended by changing the fate
of dermomyotomal cells frommuscle to cartilage (Huang et al., 2000).
The recent amphibian data indicating that the primitive tetrapod
scapula included a primaxial domain suggest an alternative hypoth-
esis for evolutionary change in avian shoulder morphology. The
compressed segmentation and apparent failure of the somitic portion
of the avian scapula to grow in concert with the rest of the embryo
raises the possibility that it represents a vestigial primitive character
rather than the site of recent adaptation. The extreme offset of the
primaxial portion of the scapula from the vertebrae and primaxial
muscles points to evolutionary changes in the abaxial limb ﬁeld rather
than the primaxial domain patterned by the axial Hox code
(Krumlauf, 1994;Burke et al., 1995) as previously suggested (Burke,
2000;Huang et al., 2006). In comparison to the mouse and
salamander, the extensive insertion of primaxial muscles onto an
abaxial element in birds may represent a signiﬁcant adaptation for
ﬂight. We maintain that the border between primaxial and abaxial
domains is the site of major evolutionary change accomplished
though integration of molecular signaling between cell populations.
The role of developmental changes in these morphological adapta-
tions can be visualized by the position of the lateral somitic frontier.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.03.032.
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